I. INTRODUCTION
In 2000, it was predicted that imaging of proteins using X-ray free-electron laser (XFEL) pulses could be done without the need of crystals. 1 Since then, a number of XFEL sources have been commissioned and are now accessible to the research community. The Linac Coherent Light Source (LCLS) in Stanford was the first XFEL reaching a photon energy high enough to achieve atomic resolution. Recently, the European XFEL was also opened for users. Even if the scientific output from LCLS has been impressive, the main contributions within structural biology have been done using crystalline samples. However, major efforts have been put into developing the imaging of single noncrystalline biomolecules (SPI), 2 and in this specific scientific case, it has been one of the main drives pushing the significant investments into developing high repetition rate XFEL sources such as LCLS II and the European XFEL.
Exposing any sample to the intense X-ray exposure from an XFEL source will cause major ionization and ultimately destroy the sample that is investigated. Radiation damage in these types of experiments has been a concern since the idea was first presented. For a crystalline sample, it has been shown that it is possible to achieve atomic resolution, despite the fact that the sample is destroyed during the exposure. This is explained by the fact that the scattered signal is gated by the loss of order in the sample, as described by Barty et al. 3 For SPI, the situation is more complex since the X-rays are not scattered into Bragg peaks. However, a recent publication indicates that radiation damage of single proteins exposed to an XFEL pulse might not be as problematic as was initially thought. 4 During the time a sample is exposed to the XFEL pulse, the diffracted signal decreases due to the loss of bound electrons and the loss of spatial coherence in the sample (due to the atomic displacement). Hence, the unperturbed sample scatters more than the ionized sample, resulting in a diffracted signal with a bias toward the nondamaged sample. Even if we consider these mechanisms, radiation damage will ultimately add to the noise in the diffracted signal, which, in turn, results in a lower resolution of the final molecular structure.
Studying femtosecond bond breaking and charge dynamics in ultracharged biomolecules is not relevant only for imaging using XFEL pulses. The idea of using electron diffraction for imaging has been around for decades. 5, 6 Recent efforts to develop sources capable of delivering electron pulses which are intense and short enough for electron diffraction imaging have vitalized the topic. [7] [8] [9] Imaging biomolecules using electron pulses is limited by radiation damage in the same way as imaging using XFEL pulses. 10 Fragmentation of organic molecules has been studied for decades, motivated by a range of different scientific questions. The ionization of DNA using kilo-electron-volt ions is biologically relevant for ion and proton tumor therapy, and it has been shown that the structure of nucleobases [11] [12] [13] [14] [15] as well as deoxyribose 16 is very sensitive to the keV ion impact. In the field of mass spectrometry, the fragmentation of amino acids due to protonation has been studied extensively. 17, 18 In the perspective of the present study, the most relevant experimental studies are probably high resolution coincidence time-of-flight mass spectrometry or similar techniques, which have, for example, been used to study the fragmentation of alanine caused by kilo-electron-volt ions such as He + , He 2+ , and O 5+ . 19 Using amino acids as a prototype system, we are able to follow both changes in the electronic distribution and the movement of the ions in a combined quantum mechanical and molecular mechanical approach. 20, 47 We would like to stress that, for example, the peptide bond and solvent pH alter the attachments of hydrogens and perturbs the electronic structure of the amino acids. However, the consistency of hydrogen dissociation, regardless of what atoms it is bonded to, leads us to expect that this has only minor influence under the ultracharged conditions which we perform our simulations in. Our choice of prototype system and computational methods aim to strike a balance between the relevant size of the molecule, rigorous statistical sampling of initial conditions, and the theoretical description of the coupled electronic and ionic trajectories following ionization.
The use of molecular mechanics based on force-fields allows for thermalization of the amino acid structure in a water environment, and the quantum mechanical modeling allows us to follow the dynamics of both the nuclei and the electron distribution of highly ionized amino acids. In this way, we are able to identify damage processes specific to protein molecules, which in turn will be of valuable knowledge in the reconstruction process. The full method of the simulations is presented in Sec. II. In short, we have studied six amino acids: glycine (GLY), alanine (ALA), valine (VAL), leucine (LEU), methionine (MET), and threonine (THR) (see Fig. 1 ). Each amino acid is ionized stepwise up to an average ionization of +1 per atom, here denoted asz = 1. The simulations are 75 fs long, and the ionizations are introduced at the beginning of the simulation.
II. METHODS
In this section, we describe the computational workflow as well as the methods used. In order to capture as much of the relevant processes as possible, we use a set of simulation methods with different capabilities. For the ultrafast processes addressed in this work, the assumptions that certain degrees of freedom can be considered fixed while studying the details of others cannot be made. For example, ionization happens on time scales shorter than the time scale The Journal of Chemical Physics ARTICLE scitation.org/journal/jcp of the vibrational modes of the bonds, possibly leading to an initial state dependence. By sampling many trajectories, we are able to average out the dependence on the initial state in order to produce a general result. The trajectories, denoted as Ti in Fig. 2 , are initiated from nonionized thermalized starting geometries, as described in Subsection II A. From each starting trajectory, we spawn quantum molecular dynamics trajectories for a number of ionization levels covering the range +1 to +N, where N is the total number of atoms in the molecule. For each ionization level, each amino acid is sampled by 10 trajectories, resulting in an average of 168 trajectories per amino acid. The standard error of the bond integrity is sufficiently low in comparison to the standard deviation to give satisfactory statistics to draw a general conclusion. The level of ionization per atom is denoted as z, where 0 < z ≤ 1. The main technique used for simulating the ionization and bond breaking is described in Subsection II B. In order to validate how the computational description of the ionized molecule affects the bond breaking, we test, in addition to our main technique, two complementary methods as described in Subsection II C.
FIG. 2.
Flow chart of the work-process including the purpose and method of simulation, including a reference to the corresponding section where detailed information can be found. Starting configurations are generated using classical molecular dynamics, where an aqueous environment is included, and ten different thermalized trajectories for each amino acid are generated, denoted as T i . Subsequently, quantum molecular dynamics based on density functional theory within the Born-Oppenheimer density functional theory (BO-DFT) approximation is used to study the trajectories of the ionized molecules. In the production runs, the level of ionization is initiated from the first time step and all integer levels up to a charge of +N are simulated. In order to validate the influence of our treatment of the ionization processes, we assess the bond breaking procedure according to two additional methods: Hartree-Fock (HF) within the Born-Oppenheimer (BO-HF) and nonadiabatic time-dependent density functional theory (TDDFT) as formulated in the real-time domain with Ehrenfest molecular dynamics (E-TDDFT). We also compare the influence of ionizing the molecule from the first time step to a sequential procedure. Details of these tests are supplied in the supplementary material.
A. Generating starting structures
To sample appropriate starting configurations, we ran 10 independent molecular dynamics simulations of our six molecules. These presimulations were done using the GROMACS software package, [23] [24] [25] [26] and the molecules were solvated in a 2 × 2 × 2 nm box of water. A water environment, in contrast to vacuum, was picked to mimic the situation in a protein crystal or inside a living organism. Simulations were done at 300 K, using the Berendsen temperature coupling, 27 with a coupling constant of 0.1 ps. The simulations were done with a time step of 2 fs. We employed a 1.1 nm cutoff for Lennard-Jones interactions and the same distance as the switching distance for the particle mesh Ewald algorithm for computing Coulomb interactions. 28, 29 The simulations from which the final starting structures were taken were 100 ps long, and we ensured that the total energy drift was less than 1% during the simulation. Following earlier work, 30, 31 the structures were optimized using the Gaussian 03 suite of programs 32 at the HF level with the 6-311G * * basis. [33] [34] [35] [36] [37] We used the Generalized Amber Force Field (GAFF) 38 together with the TIP3P 39 water model for the simulations. The choice of the force field is probably not crucial for generating decent starting structures, and the use of the GAFF is based on its generality and our prior experience. Simulations of small organic molecules in water using several different force fields indicate that our choice of the force field is suited for these types of simulations. 40 
B. Ionization simulations
In an electron diffraction experiment, electron impact ionization primarily affects the valence electrons. Hence, core electrons can be expected not to contribute to the bond breaking and charge redistribution. From a point of view of an XFEL imaging experiment, the core electrons might initially seem like the main ingredient since the most probable primary ionization event in an XFEL experiment at a photon energy of 8 keV is by a photon removing an inner shell electron. However, following the primary photoionization, secondary electron impact ionization will occur in the sample. From one single photoionization event, several hundred secondary ionizations may occur, 42,43 depending on the photon intensity. These electron impact ionizations occur mainly through the removal of a valence shell electron, i.e., a low energy electron, similar to the electron diffraction experiment. Hence, the core-hole is, in the end, not expected to dominate the stability. In addition to the fact that the ratio of primary photoionization to secondary impact ionization is small, the core-hole life-time in these systems is expected to be short in relation to the time scales of the ionic motion due to the efficiency of recombination through Auger emission or X-ray fluorescence.
Following the above-mentioned physical considerations and the fact that a significant number of trajectories need to be sampled to avoid artifacts from different initial conditions, our production runs are in the framework of pseudo-potential density functional theory (DFT) in conjunction with Born-Oppenheimer molecular dynamics as implemented in the Siesta-package. 20 We assume that the electronic ground-state at a specific ionization level, as provided by DFT in the Born-Oppenheimer approximation, is more strongly bound than the excited electronic configurations. Hence, we expect to have an upper estimate of stability times in vacuo. The wave-functions are expanded in terms of numerical atom-centered 44 We generate extra hard pseudo-potentials (cutoff radii of 0.97 Å and 0.85 Å for s and p electrons and 0.87 Å for both d and f ). The hardness of the pseudo-potentials requires a grid cutoff of 500 Ry for accurate integration. The exchange-correlation functional adopted is the generalized gradient approximation (GGA) by Perdew, Burke, and Ernzerhof (PBE). 45 Ionization is performed in steps, always assuming the sudden approximation. This means that at a geometric snapshot, the molecule is ionized to some degree, with a charge density that is assumed to be thermalized, occupied according to the aufbau principle to the electron number required to reach a certain level of ionization. It is known from plasma simulations that the electronic temperature rapidly increases with the ionization level. 46 To account for this, the electronic temperature Te was linearly increased with the level of ionization, from 0 K at the charge neutral molecule up to N ⋅ 1000 K at the maximally ionized molecule. The run-time for each of the N ionization steps for each of the 10 geometries is 75 fs to ensure enough time to dissociate the molecule.
C. Validation simulations
The main approximations of the technique used for the ionization simulations involve the Born-Oppenheimer approximation (in the implementations used to assume that electrons are in the ground-state of the respective ionization level) and the exchangecorrelation treatment within density functional theory. To estimate the impact of these approximations, we perform a limited number of calculations with more computationally demanding methods for the validation purpose. Here, we focus on the bond breaking in the glycine molecule using 1) Hartree-Fock (HF) as implemented in the UQUANTCHEM code 41 and 2) implementation of time-dependent density functional theory in the real-time domain with Ehrenfest molecular dynamics. 21 HF is generally considered inferior to DFT when calculating molecular stability due to the complete lack of correlation. 48 However, the inclusion of only exact-exchange is an important scenario, where the knowledge that Hartree-Fock overestimates atomization energies allows us to some degree to bracket the most physical scenario of these highly ionized molecules.
TD-DFT in conjunction with Ehrenfest molecular dynamics relaxes the Born-Oppenheimer approximation; hence, we are able to describe electrons in excited states as well. The state-preparation technique for the excited states that we employ here is a fully selfconsistent ΔSCF scheme. 21 In our TD-DFT benchmark, we simulate, in addition to the ground-state, only the lowest excitation due to the computational expense.
We also test how sensitive the time scale of bond breaking is to how the ionization is performed. In the supplementary material, we display bond breaking characteristics of the glycine molecule in Figs. SI.11 and SI.12 when we perform ionization sequentially in contrast to the instant ionization performed for our production simulations. It is clear that due to the ultrafast ionization process, the outcome is not sensitive to this treatment. Consult the supplementary material for further information.
Using the two methodologies, we are able to capture the effects of the exact exchange and the impact of a low-lying excited state on the dissociation pattern. The validation procedure shows that we should expect a qualitative result from our primary method, in line with what is expected from comparisons of DFT with respect to high level quantum chemistry methods. 22 In addition, the density redistribution is expected to be well reproduced. In the supplementary material, we compare the bond integrity of the glycine C-C * and C-O bonds, resulting from a DFT calculations with that of unrestricted Hartree-Fock calculations, as depicted in Fig. SI.10 . Similarly, we compare the ground-state to exited state bond integrity for a single trajectory of glycine based on real-time TD-DFT with Ehrenfest molecular dynamics, as seen in Figs. SI.11 and SI.12. The general trends are the same using the three methods, which makes us convinced that what we observe are not the effects caused by the method we have chosen. Some difference can be identified though. However, for low ionization levels, the Hartree-Fock results for the C-O bond differ from those of DFT and TD-DFT. We attribute this to the overbinding nature of Hartree-Fock and the lack of screening. This makes the bond stable to slightly higher ionization in HF than in DFT.
D. Analysis
The susceptibility to the breaking of a chemical bond between two atoms, A, and B, was estimated by the so-called chemical bond integrity, BI(A, B), defined by
(1)
FIG. 3.
On the left hand side, the deviation from the neutral charge state per ionization stage, averaged over all trajectories and amino acids. The shaded area corresponds to the area encapsulating one standard deviation. The statistical analysis is performed over all ten trajectories for all ionization stages for all amino acids, resulting in 1010 data-points for each atom type. We used a cubic interpolation to access the samez, which is needed because the different number of atoms in the molecules results in different ratios of charge to atoms. Atoms crucial for the structural integrity of peptides and proteins are included. On the right hand side, we rationalize the weakness of the C-C * bond by investigating the difference in charge density between the ionized state and the ground state for a representative amino acid (alanine with an ionization degree of 5, equaling roughly z = 0.4). We can see that in some parts of the molecule, the charge density is, in fact, increased due to the reduced electronic screening caused by the ionization. This is not the case for the C-C * bond, which is consistently weakened.
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Here, di[A, B](t) is the distance between atoms A and B at the simulation time t for the i-th MD-simulation, NMD(=10) is the number of MD-simulations performed, and λ (here = 10) is an arbitrary smearing parameter chosen in such a way that normal bond oscillations are not captured as a broken bond. For values B ≈ 1, the atoms are at their initial positions for the particular end point of the MD simulation used to generate the starting structure, corresponding to a stable bond. When B ≈ 0, the deviation from the initial distance between the atoms is large, indicating a broken bond. In the figures of bond breaking, values close to 1 are yellow and values close to zero are purple. The Hirshfeld charge is based on the division of the system into well defined atomic fragments. 49 The charge density is, at each point, shared between the atoms proportionally to the free atom densities at the corresponding distance from the nuclei. The atomic charges are defined by an integration of the bonded minus the nonbonded atoms. 21, 49 The density difference between bonded and free atom is the so-called deformation density, which can be integrated to give a distinct measure for how charge redistribution should be associated with a specific ion. The Hirshfeld partitioning scheme has proven to be one of the most robust charge partitioning schemes with respect to numerical details of the calculations. 50 The Hirshfeld charges are reported to be somewhat smaller in magnitude with respect to other methods but has an advantage that the net charges necessarily converges when the molecular deformation density converges to the true solution. 51 For the present study, this is a good measurement of the charge distribution since we are interested in the relative changes.
III. RESULTS
The aim of this study is to identify trends in the bond breaking that could help us understand how the amino acids are fragmented in an imaging experiment. We focus on finding generalized bonding and scattering properties that are similar between different amino acids. In the perspective of macromolecular imaging experiments, The color gradient indicates the probability of the bond being broken, the scale goes from 0 (purple) to 1 (yellow) with the number of equivalent bonds taken into account, i.e., the carboxyl oxygen has two equivalent bonds, and a bond integrity of 0.5 means, on average, one of the bonds are broken. It is evident from our calculations that the C-C * bond is rather sensitive to ionization. The C-N and C-O bonds break at an ionization level of approximately z = 1, whereas the C-R bond seems to be most robust with respect to ionization.
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scitation.org/journal/jcp the dynamics of specific amino acids is less relevant than general trends that hold for more than a specific amino acid species. We simulate multiple trajectories for the six amino acids, followed by a comprehensive statistical approach; we deduce information of the probable dissociation pathways of the amino acids as a function of time and ionization level. The main cause of dissociation is ionization followed by charge redistribution. In addition, the redistribution of electrons potentially alters the scattering cross sections of individual ions on the molecular fragments. Snapshots from a single trajectory of an alanine with an average ionization per atom of z = 0.5 can be seen in Fig. 1, showing both the positions of the nuclei and the isosurface of the electron density. We first analyze how the electron density distribution changes in the ionized ground states of the respective amino acid. Subsequently, we analyze general trends in the breaking of molecular bonds, and finally, we investigate trends for individual differences in particular bond breaking conditions. The main individual differences come from (i) the number of hydrogen atoms and (ii) the number of bonds in the amino acid. In the supplementary material, bond breaking results for all individual amino acids are available.
A. Charge redistribution
The charge redistribution is crucial for describing the ionization process and the effective scattering cross section of each ion. In this section, we review how the charge is redistributed as a function of time and ionization degree. In order to associate the redistribution of electron density with a specific ion, we use the charge-density partitioning scheme by Hirshfeld et al., as described in Subsection II D. Redistribution of charge, indicating a different relative electron count between different atoms than is expected in the free atom ground state, is important to track possible changes in scattering intensity. The elastic X-ray scattering power of an atom or ion is related to the number of bound electrons. In cases where the Hirshfeld charge of two different ion species changes in a way that they become impossible to tell apart, it can, in principle, affect the ability to determine the atomic species using X-ray diffraction. In Fig. 3 , we show the deviation from the neutral atom of the Hirshfeld charge for four important atom types in the amino acids. The data shown are the average of all amino acids simulated, integrated over the full trajectories of the simulation for each degree of ionization. Focusing on the internal order of the four graphs, we see that at ionizations up The Journal of Chemical Physics ARTICLE scitation.org/journal/jcp toz = 0.7, the order stays the same. However, abovez = 0.8, the oxygen and the nitrogen get a higher charge than the two other atom types. They also have very similar charges. The charge follows the nature of the bond breaking. As displayed in Fig. 3 , we can see that in some parts of the molecule, the charge density is, in fact, increased due to the reduced electronic screening due to ionization. This provides stability to certain bonds to high levels of ionization. However, this is not the case for the C-C * bond, which is consistently weakened. Again looking at the oxygen and the nitrogen atoms, their charges increase until the point where the hydrogens leave after 5-10 fs at aroundz = 0.35-compare Figs. 5 and 3. As a consequence, the charge on oxygen and nitrogen actually decreases again. The next observation is that at aroundz = 0.7, the carbon-oxygen bonds as well as the carbon-nitrogen bonds are broken, and at ionization states higher than this, bonds to the next carbon are broken ( Fig. 4) . To understand this, it is important to remember that in this study the ionization level is set at the first time step-before any bond is broken. In the highest ionization state, most bonds are broken early in the simulation and the atoms behave more like isolated ions, which explains why three of the four atom types shown in the figure end up at a charge of +1. They are simply monoatomic ions with the charge +1 during most of the simulations. For the backbone C, black line in the figure, this is not the case. Instead, the bond to the side chain stays unbroken for most of the simulations even atz = 1, allowing for partial Hirshfeld charges.
B. Bond breaking in the backbone
Next, we study the bonds that in a peptide or protein structure are associated with the backbone structure, i.e., the bond between the α-carbon to the carbon in the carboxyl group (denoted as C-C * ) and the α-carbon to the nitrogen in the amino group (denoted as C-N). To compare the bond breaking, we have defined a bond integrity parameter (described in Sec. II), indicating if a bond is broken or not. Comparing Figs. 4(a) and 4(c), it is clear that the C-N bond is much less sensitive to ionization than the C-C * bond. For most of the amino acids, the C-C * bond is destabilized already at z = 0.2 within 20-50 fs [ Fig. 4(a) ], whereas the C-N bond is mostly unaffected during the simulated 75 fs up to az = 0.8 [ Fig. 4(c) ]. The only exception is GLY, where the C-C * bond first breaks at approximatelyz = 0.3 but shows an island of stability around z = 0.8. Experimental studies of the fragmentation of alanine, due to ionization caused by ions, He + , He 2+ , and O 5+ , have shown that the main fragmentation process is the dissociation of the C-C * bond, which agrees with what we observe in this study. 19 The C-R bond seems to be the most robust bond with respect to ionization in the systems investigated.
C. Carboxyl groups
The second observation that holds for all amino acids is that the hydrogen from the carboxyl group is ejected early in the simulations, even at low ionization states,z = 0.2. This makes the remaining carboxyl group stable for higher ionization states. From the six amino acids, three (alanine, leucine, and methionine) ejected an intact COO-group that did not fragment during the 75 fs simulation at any of the ionization states tested here. The other three amino acids also keep their COO-group intact at higher ionization states than what causes the carbon-carbon backbone bond to break, but as illustrated in Fig. 4(d) , the carbon-oxygen bonds in the carboxyl group is affected. The COO-group is stable until ionization levels ofz = 0.9 [ Fig. 4(d) ], and then the probability of dissociating to CO + O or complete fragmentation increases. In general, the COOH group is intact up to ionization levels ofz = 0.4 [ Fig. 5(b) ], after which it loses the hydrogen atom. Again, larger amino acids are more robust with respect to ionization. As can be seen in Fig. 6 , the additional side-chain hydroxyl group in THR shows a similar stability behavior.
Looking at the case of glycine in detail, the bond integrity has a slight minimum at the ionization state just before the carboxyl hydrogen leaves, but once the hydrogen has left the group, the carbon-oxygen bond is more stable again (see supplementary material, Fig. SI.9 ). This is caused by the hydrogen leaving the group neutralizing the group somewhat. The effect of this is that the system, in this case the carboxyl group, is actually more stable at higher ionization states since that causes the hydrogen to leave and in reality makes the effective nuclear charge of the remaining group lower.
Amino group hydrogen dissociation
The amine group of hydrogen-bonds is mostly resilient to ionization of all hydrogen-bonds considered. The bonds are considered equivalent, but all amino acids, with the exception of THR, retain their amino-hydrogen atoms up to an ionization level that equals to the number of hydrogen atoms (Fig. 5 ).
D. Methyl groups
Methyl groups are analyzed in terms of their binding to the backbone and their dissociation, respectively, as shown in Fig. 7 . The methyl C-R bond is significantly more stable than the C-H bond. Hydrogen atoms are generally dissociated around z = 0.35. Similar to the carboxyl group, there is a region with a high probability of an intact methyl group, before the hydrogen atoms dissociate. Once hydrogen is removed, the C-R bond is stabilized until approximately ionization levels of z = 0.7 − 0.9. Interestingly, the hydrogen atoms seem to leave all at once, with a very low probability of finding CH 2 or CH.
The role of sulfur
Methionine (MET) is the only sulfur-containing amino acid considered here. Upon ionization, we can see that the S-methyl complex detaches from the backbone at a lower degree of ionization than the methyl group that detaches from sulfur, as seen in Figs. 8(a) and 8(b) . Similar to other bonds that do not involve hydrogen, we can see a stability island for certain degrees of ionization, as displayed in Fig. 8 . The valley appears atz = 0.5 − 0.8, beginning roughly at a charge of +11, equal to the number of hydrogen atoms on methionine.
E. Characteristic trends for specific bonds
We also analyze the trends in the breaking of specific bonds with respect to amino acid size or weight. We investigate the bond between the backbone C and the R group, the backbone C and the carboxyl O, and the backbone C-C * bond and the backbone C-N bond. In general, the trends with respect to weight/size are weak to nonexistent. However, in particular, for the C-R and C-C bonds, individual amino acids show a strengthening of the bond when the hydrogen atoms have dissociated. The C-N bond shows a weak trend with respect to size, where the larger amino acids show a slightly higher affinity to dissociate the amine-group, as displayed in Fig. 9 .
IV. DISCUSSION
For computational reasons, our study is limited to six amino acids. We have picked amino acids with a spread in size, which we hypothesized to have an impact on the stability. From the six amino acids we have simulated here, leucine is very common in proteins, and methionine, on the other hand, is rare. We have focused our study on general trends reflecting how the average amino acid in a protein behaves, and the trends we describe are general, at least for the amino acids investigated here. Since proteins contain a large number of amino acids of different kinds, trends in the dynamics caused by the ionization that are not amino acid specific are most relevant in an imaging perspective. Some differences between how the different amino acids behave exist but are not discussed in detail here. It is fair to say that the amino acids studied here behave similarly, with an exception for the smallest one, glycine, which is discussed in Sec. III C. In the supplementary material, we display the bond integrity for individual amino acids separately in Figs. SI.1-SI.8.
A general consideration is that only bonds to hydrogen break quicker than 15 fs. Since the hydrogen atoms do not contribute significantly to photon scattering in comparison to the heavier atoms, a pulse length of 15 fs or less would result in robust imaging, regardless of pulse intensity. At moderate levels of ionization, as quantified by a charge-state lower than the number of hydrogen atoms per amino acid, only the C-C * bond in the backbone shows a significant sensitivity. This bond breaks already at an ionization level of z = 0.1, after around 20 fs from the point of ionization. This corroborates the experimental results of Schlathölter et al., who investigated the fragmentation of ubiquitin under intense 70 fs pulses of 90 eV photons. They discovered no nondissociative triple ionization, while claiming that the protein as a whole responds to ionization as a collection of small peptides. 52 In the light of our result, we interpret the most likely dissociation channel to be a breaking of the amino acid carbon-carbon bond. Another general observation is that, except for the backbone carbon-carbon bond, hydrogen bonds are severed first. The removal of the hydrogen atoms offers some stability increase to the amino acid, or fragments like COO-. In imaging of a large protein, the ability of the hydrogens to leave will be limited, which in turn might affect the stability of the amino acids. On the other hand, the fragmentation of the heavier atoms is also slowed down by neighboring atoms.
Our study of the fragmentation and the charge dynamics of ultracharged amino acids is relevant for imaging using XFEL as well as in electron diffraction experiments. Our simulations indicate that there is a difference, shared by all the molecules simulated here, in how stable the different bonds in the amino acids are. This knowledge is important for both understanding the damage process itself and interpreting diffraction patterns. Our results are not directly transferable to larger systems such as proteins, but they give an indication of how the fragmentation of proteins will happen.
SUPPLEMENTARY MATERIAL
See the supplementary material for additional information on individual amino acids and validation simulations. 
